Many insect and fungal pathogens posing agronomically important threats specifically target the roots in strawberry. The use of a root-specific promoter to confer expression of resistance genes in a targeted manner has the potential appreciably to benefit the genetic improvement of commercial strawberry varieties. A novel gene, FaRB7, was isolated from strawberry (Fragaria3 ananassa Duch.) and found to contain motifs characteristic of tonoplast intrinsic proteins (TIPs). Phylogenetic analysis revealed that FaRB7 represents an RB7-type TIP. In strawberry, this gene is expressed predominantly in roots, with very low expression in petioles. A 2.843 kb region representing the FaRB7 gene upstream regulatory sequence was isolated and found to share a number of sequence motifs with the promoter of the Nicotiana tabacum TobRB7 root-specific RB7-type TIP. When cloned upstream of the gusA reporter gene and introduced into strawberry plants, the FaRB7 promoter was shown to direct strong, near root-specific expression with expression patterns very similar to that of the endogenous gene. Furthermore, the FaRB7 promoter was found to confer constitutive expression, comparable to that produced by the cauliflower mosaic virus (CaMV) 35S RNA promoter, in tobacco. Thus, the FaRB7 promoter may be used to achieve near-rootspecific transgene expression in strawberry and also represents an alternative to the CaMV 35S promoter for producing constitutive foreign gene expression in heterologous hosts. The FaRB7 full-length genomic sequence and 5# upstream regulatory region have been submitted to the EMBL/GenBank database under accession number DQ178022.
Introduction
The modern cultivated strawberry Fragaria3ananassa is a hybrid octaploid resulting from a cross of two New World octaploid species F. chiloensis and F. virginiana (Darrow, 1966) . The majority of genes in modern strawberry are derived from seven nuclear and ten cytoplasmic sources (Hancock et al., 2001) , which has resulted in a narrow germplasm base. Strawberry is susceptible to a wide range of pests and diseases, which considerably reduce the quality and quantity of the crop. A major pest of strawberry is vine weevil, Otiorhynchus sulcatus F. (Watt et al., 1999) , whose larvae feed on the roots, which can lead to restricted growth and plant death. Genetic resistance to vine weevil has yet to be identified in commercial strawberry, although a degree of resistance has been identified in beach strawberry, F. chiloensis (Doss et al., 1987) . Strawberry roots are also subject to infection by several soil-borne fungi such as Verticillium dahliae (Harris and Yang, 1996) and Phytophthora fragariae (Pettitt and Pegg, 1994) , where, in most cases, infestation results in plant death. Sources of resistance to pests and diseases available to strawberry breeding programmes are often limited, either due to the narrow germplasm base or to the requirement for interploid crosses.
Genetic modification using a transgenic approach therefore offers an attractive solution for engineering pest and disease resistance; thus enabling the introduction of resistance traits from foreign gene sources whilst maintaining the complex set of characteristics required of elite commercial varieties. Furthermore, it would be beneficial to restrict expression of foreign genes solely to the tissues where resistance/protection is required using root-specific promoters. Agrobacterium tumefaciens-mediated nuclear transformation of strawberry was first reported in 1990 (James et al., 1990; Nehra et al., 1990) . Previous studies have utilized the tomato fruit-specific E4 promoter (Mathews et al., 1995) and the petunia floral binding protein 7 promoter (Schaart et al., 2002) to target foreign gene expression in strawberry. However, in these studies promoter activity was not restricted solely to the tissues targeted. A strawberry endo-b-1,4-glucanase promoter has been shown to confer high levels of gusA expression in strawberry fruit (Spolaore et al., 2003) using a transient assay, however, other tissue types were not tested. Reports demonstrating faithful tissue-specific expression of foreign genes in stably transformed strawberry are limited only to phloemspecific and floral organ/fruit tissue-specific expression driven by the heterologous AtSUC2 (Zhao et al., 2004) and homologous STAG1 (Rosin et al., 2003) promoters, respectively.
Tonoplast intrinsic proteins (TIPs) are associated with facilitating water transport via the transcellular pathway (Chrispeels and Maurel, 1994) . Conserved N and C terminal amino acid sequences and loop B and loop E signature motifs distinguish the TIPs from the plasma intrinsic proteins which are associated with extracellular transport (Schaffner, 1998) . Within the TIP subfamily various isoforms exist: a, d and cTIP and RB7 (Sarda et al., 1999) , which are localized within the vacuolar membranes of a variety of tissue types. Several RB7 TIP genes have been identified which exhibit root-specific expression. The most fully characterized of these is TobRB7 from tobacco and its 1.8 kb promoter region has been well studied Yamamoto et al., 1991) . Within the TobRB7 promoter, regulatory elements required for root-specific expression have been mapped to between positions -636 to -299 and elements necessary for transgene expression in response to infection by root-knot nematode, within the first 300 bp of the promoter (Opperman et al., 1994) . Other RB7-type TIP gene homologues exhibiting rootspecific expression are those from Arabidopsis thaliana , Helianthus annuus (Sarda et al., 1999) , Petroselinum crispum (Roussel et al., 1997) , Mesembryanthemum crystallinum (Kirch et al., 2000) , and Solanum tuberosum (Heinrich et al., 1996) .
Spatial and temporal regulation of gene expression in a heterologous species does not always reflect expression exhibited in the host (Bogusz et al., 1990; Shirsat et al., 1991; Van der Hoeven et al., 1994) . To aid the development of GM technology in strawberry, a promoter that could be used to direct root-specific expression of pest and disease resistance genes would be highly desirable. This report describes the isolation and characterization of an RB7 TIP gene homologue from strawberry, named FaRB7, and the study of its promoter activity in the host and in tobacco.
Materials and methods
FaRB7 partial-length cDNA, promoter and full-length gene isolation All PCR reactions were carried out using the proof-reading Platinum Ò Pfx DNA polymerase (Invitrogen Ltd.). A partial-length FaRB7 cDNA was isolated using Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR). Polyadenylated (poly A) RNA was selected using OligotexÔ resin (Qiagen) from total RNA, isolated from 200 mg strawberry (Fragaria3ananassa Duch. cv. Calypso) root tissue using an RNeasy Ò Plant Mini Kit (Qiagen). cDNA was synthesized from the poly A RNA using an OmniscriptÔ Reverse Transcriptase Kit (Qiagen) with oligo(dT) 22 primer. Degenerate primers RB71A (5#-TTG GYA GCR TYG GTG AYT CTT T-3#) and RB71B (5-ATG GTK CCW AGT GAG CCC TT-3#), based on root-specific TIPs from carrot, parsley, sunflower, and tobacco, were then used with 2 ll cDNA in a 50 ll reaction. Amplified fragments were cloned into SmaI-digested pBluescript Ò II KS + (Stratagene) and sequenced. The authenticated plasmid was named pFRB7partial.
The Universal GenomeWalkerÔ Kit (BD Clontech) was used to isolate the 5# regulatory sequences upstream of the FaRB7 gene using gDNA isolated from strawberry leaf tissue and gene-specific primers FRB7GSP1 (5#-GCG ACG GAG ACC CCC ACA AAC AGA GCA AAT-3#) and FRB7GSP2 (5#-AAG GGT GGC GAT GAA CTC AGC TAG GTA AGA-3#) in the primary and nested secondary PCRs, respectively. The largest amplified fragment, of approximately 3 kb, was cloned into SmaI-digested pBluescript Ò II KS + (Stratagene) and sequenced. The resulting plasmid was named pFRB73.
To isolate a full length FaRB7 genomic clone, the Genome WalkerÔ gDNA libraries generated to isolate the FaRB7 promoter were used. Gene-specific primers RB7 5#UTR 1 (5#-CTC GAG CTC TTC TAG TAC TG-3#) and RB7 5#UTR 2 (5#-GAT TTG AAT CAT TGC CTT GGT G-3#), that both anneal within the 5# UTR region of the FaRB7 cDNA, were used in the primary and nested secondary PCRs, respectively. The largest amplified fragment, of approximately 1.8 kb, was cloned into pCR Ò 4Blunt-TOPO (Invitrogen-Ltd.) and sequenced.
Sequence analyses
Phylogenetic analysis was carried out using predicted amino acid sequences from selected tonoplast intrinsic protein genes. Sequences were aligned using Clustal W and bootstrap values were derived from 1000 replicate runs (Thompson et al., 1994) . A NeighborJoining tree was drawn using NJ-plot (Perriere and Gouy, 1996) and displayed using the TREEVIEW program (Page, 1996) .
FaRB7 gene family analysis using Southern hybridization
Genomic DNA was extracted, according to Kobayashi et al. (1998) , from three strawberry species: Fragaria3ananassa (octaploid); F. moschata (hexaploid), and F. vesca (diploid). Restriction analysis used the endonucleases ApaI, BamHI, BglII, EcoRI, and SmaI to digest 2.5 lg, 7.5 lg, and 10 lg of gDNA from the diploid, hexaploid, and octaploid species, respectively. Restriction fragments were separated on 0.6% (w/v) agarose gels, blotted onto positivelycharged nylon membrane (Roche Diagnostics Ltd.) and the membrane hybridized with a 485 bp digoxigenin (DIG)-labelled FaRB7 probe, synthesized using a PCR DIG Probe Synthesis Kit with primers FaRB71 (5#-GTT TTG GCA GCG TTG GTG ACT CT-3#) and FaRB72 (5#-AAA TGC CGG TTA GGA TGG TGA TGT-3#), utilizing plasmid pFRB7partial as template. Probe hybridization and detection using a DIG Luminescent Detection Kit with CDP-Star were carried out following the manufacturer's instructions (Roche Diagnostics Ltd.).
RT-PCR analysis of FaRB7 expression
To examine the tissue distribution of FaRB7 gene expression, RT-PCR was carried out as previously described with cDNA isolated from floral tissue, stamen, leaf, petiole, crown, root, and red fruit and the primers FaRB71 and FaRB72 to detect the FaRB7 mRNA. Control reactions were carried out using primers b-actin F (5#-ACW GTK CCA ATT TAT GAA GGK AT-3#) and b-actin R (5#-TTC ATR ATR GAG TTG TAK GTR GTY-3#), to detect the transcript encoding ubiquitously expressed b-actin.
Northern analysis of FaRB7 expression Total RNA was extracted from 80-300 mg plant tissue, denatured and fractionated according to the method described by Mazzara and James (2000) and transferred to positively charged nylon membrane. DIG probe synthesis, hybridization, and detection were carried out as described for Southern analysis of the FaRB7 gene family.
Production of strawberry and tobacco transgenic lines harbouring promoter-gusA fusions
The binary vector used for nuclear transformation, containing a FaRB7 promoter-gusA fusion, was based on vector pSCV1.6 (G Edwards, Shell Forestry, East Malling, UK). The 2.843 kb FaRB7 promoter was amplified from plasmid pFRB73 using Platinum Ò Pfx DNA polymerase (Invitrogen Ltd.) and primers FaRB7SS (5#-TTA TGC ATG CAG TCG ACG GCC CGG-3#) and FaRB7N (5-TCT TCA CCA TGG TTT GAT CAC TGG AAA AT-3#), designed to add SphI and SmaI sites at the 5# end and an NcoI site at the 3# end of the promoter fragment to facilitate cloning. The SphI/NcoI-digested fragment was ligated into SphI/NcoI-digested plasmid pGUSN358 S (BD Clontech UK), which contains the 1.8 kb gusA gene. The resulting plasmid was digested with SmaI/SnaBI to excise the FaRB7 promoter linked to the first 385 nt of the gusA gene and the fragment ligated into vector pSCV1.6, which had previously been digested with Sma I/Sna BI to remove the CaMV 35S RNA promoter plus the first 385 nt of the gusA gene. This procedure created plasmid pSCVFaRB7. Binary vectors pSCVFaRB7 and pSCV1.6, as a positive control, were separately introduced into the disarmed Agrobacterium tumefaciens strain EHA101 (Hood et al., 1986) by electroporation.
Leaf pieces, of 0.5 cm 2 size, from either rooted in vitro strawberry (Fragaria3ananassa Duch. cv. Calypso) or tobacco (Nicotiana tabacum cvs Ottawa and Petit Havana) were transformed with Agrobacterium EHA101 harbouring either pSCVFaRB7 or pSCV1.6. Strawberry transgenic lines were regenerated on ZN102 shoot regeneration medium at pH 5.7, consisting of MS medium including vitamins (Murashige and Skoog, 1962) 
Southern hybridization analysis of transgenics
Southern hybridization analysis of transgenic lines was carried out essentially as described for FaRB7 gene family analysis. To establish the number of integration sites of the gusA and nptII genes both KpnI and SmaI digested gDNA was hybridized with DIG labelled nptII and gusA probes synthesized using a PCR DIG Probe Synthesis Kit with primers NptIIA (5#-GAG GCT ATT CGG CTA TGA-3#) and NptIIB (5#-ATC GGG AGC GGC GAT ACC-3#) and GUS27 (5#-CCT GTA GAA ACC CCA ACC CGT G-3#) and GUS392 (5#-CCC GGC AAT AAC ATA CGG CGT G-3#), respectively, using pSCV1.6 plasmid DNA as template in PCR. Probe hybridization and detection was carried out as described previously.
GUS fluorometric and histochemical analyses
Thirty-two strawberry and 14 tobacco lines harbouring the FaRB7 promoter::gusA expression cassette were generated and assayed. Three samples of each tissue type were collected from two replicate plants per line, pooled and ground under liquid nitrogen. To examine GUS activity using the fluorometric assay (Jefferson, 1987) approximately 100 mg of ground tissue was used per assay. The assay procedure was essentially as described in Gittins et al. (2000) , with the modifications that 10 mM b-mercaptoethanol and 20% (v/v) methanol were added to the extraction buffer. Fluorescence and protein readings were taken four times and the average value calculated. Fluorescence was quantified using a FLUOstar Galaxy multi-well plate reader with the excitation filter set at 360 nm and the emission filter set at 460 nm. The specific activity of gusA was calculated as pmol 4-MU produced min À1 mg À1 total protein, as determined using a protein assay II kit (BioRad) with an absorbance filter set at 595 nm.
For histochemical GUS analysis the procedure described by Gittins et al. (2000) was followed exactly. For microscopic analysis, stained tissues were fixed in 10% buffered formalin for 24 h and then transferred to an ethanol/tertiary butyl alcohol series prior to wax embedding. Subsequently, 10 lm sections were taken using a rotary microtome, transferred to slides and cleared using histoclear [CellPath Plc] and a series of ethanol dilutions.
Results

Identification and characterization of the FaRB7 gene
A partial FaRB7 cDNA clone and a full-length genomic clone including 46 bp 5# of UTR, two introns of 189 bp and 103 bp and 760 bp of 3# UTR were isolated from strawberry using RT-PCR and genome walking, respectively. The partial length cDNA clone shared~98% identity with the corresponding region of the full-length genomic clone suggesting that separate allelic forms or gene copies of FaRB7 are present in octaploid strawberry. However, this study did not aim to characterize and describe the potential allelic variants of FaRB7. The full-length FaRB7 gene displayed similarities of 70-77% at the nucleotide and 67-81% at the amino acid level to the RB7 TIP homologues from carrot, parsley, sunflower, and tobacco. The deduced amino acid sequence of the full-length FaRB7 clone (Fig. 1) revealed the conserved N-terminal, C-terminal and loop B and loop E signature motifs typically found in TIP homologues, as defined by Schäffner (1998), indicating that this gene encodes a strawberry TIP. Phylogenetic analysis revealed a well-supported division between the four TIP family groups, with FaRB7 lying within a distinct clade containing the RB7 TIPs (Fig. 2) , providing further support that FaRB7 is indeed an RB7 type TIP.
Southern analysis of octoploid (F.3ananassa), hexaploid (F. moschata), and diploid (F. vesca) strawberry using a probe designed to the FaRB7 gene sequence revealed a complex hybridization pattern (Fig. 3A) The BglII digest yielded the simplest hybridizing pattern for all three species; two fragments in the diploid, three to four in the hexaploid, and seven in the octaploid. BamHI and EcoRI digests produced additional hybridizing fragments for all three species. This suggests that there are at least two genes with close homology to FaRB7 in strawberry.
FaRB7 is expressed predominantly in root tissue in strawberry
The tissue-specificity of endogenous FaRB7 gene expression was investigated using RT-PCR, which revealed exclusive expression of FaRB7 in root tissue, signified by an amplification product of 500 bp (Fig. 3C) . Northern analysis also revealed a strongly hybridizing band in the root RNA sample. However, a much weaker hybridization band was also observed in an overloaded petiole RNA sample (Fig. 3B ), indicating that, whilst predominantly expressed in root tissues, FaRB7 is also expressed to a lesser degree in petioles.
Sequence analysis of the FaRB7 gene promoter
The PCR-based 'genome walking' approach used to isolate FaRB7 upstream regulatory sequences generated several promoter fragments of different lengths from separate libraries. Subsequent restriction analysis revealed that they originated from the same target genomic DNA (data not shown). The largest fragment was fully sequenced and comprised 2843 bp of sequence upstream from the FaRB7 start codon and 87 bp of FaRB7 coding region. The promoter fragment has an A/T content of approximately 66% and a putative TATA box was observed 137 nt distal to the translation initiation codon. Comparison of the FaRB7 and TobRB7 (EMBL: S45406) gene promoter sequences reveal only 23% overall similarity. However, the Box A motif, with consensus sequence CGAGCTCGnnA, found eight times within the TobRB7 promoter (Yamamoto et al., 1991) , is present seven times in the FaRB7 promoter (Fig. 4 ). An attempt to find other motifs present in both promoters using the motif sampler program (Thijs et al., 2002) , revealed several other common sequence elements located at similar relative positions within the two sequences (Fig. 4) .
Integration of the FaRB7 promoter::gusA expression cassette in transgenic lines
A total of 32 strawberry and 14 tobacco lines containing the FaRB7 promoter-gusA fusion were generated and confirmed as transgenic by PCR using primers to detect the FaRB7 gene promoter (data not shown). Five control CaMV 35S promoter-gusA lines were generated for tobacco, but only one line for strawberry survived. All of 2 . Phylogenetic analysis of TIPs. Clustal W was used to generate alignments; the Neighbor-Joining tree constructed using NJ-plot and viewed using TREEVIEW. Numbers next to nodes indicate bootstrap values from 1000 replicates and the bar represents the scale for branch length. The species from which the proteins originate are shown. FaRB7 is highlighted in bold and the four different TIP family groups are indicated. GenBank accession numbers of the sequences compared are Cucurbita sp. (pumpkin) (D45077), Arabidopsis thaliana (thale cress) (P25818, P26587), Mesembryanthemum crystallinum (ice plant) (U43291), Raphanus sativus (radish) (D84669), Gossypium hirsutum (cotton) (U62778), Helianthus annuus (sunflower) (X95950, X95951, X95952, X95953), Fragaria ananassa (strawberry) (DQ178022), Petroselinum crispum (parsley) (Z48232), Daucus carota (carrot) (AB000506), Nicotiana tabacum (tobacco) (X54855), Solanum tuberosum (potato) (U65700), and Lycopersicon esculentum (tomato) (U95008). the transgenic lines produced were analysed further and none displayed an aberrant phenotype. Southern analysis revealed that the majority of the lines contained single T-DNA integrations as shown by detection of nptII and gusA genes ( Table 1 ). The integrity of the FaRB7 gene promoter::gusA expression cassette was confirmed in all lines by digestion with KpnI, which excises a 4.6 kb fragment, followed by probing with the gusA probe (data not shown).
The FaRB7 gene promoter directs near root-specific expression of gusA in strawberry
In this study activity of the GUS reporter gene, measured histochemically and flurometrically, was used as an indirect measure of promoter activity. It is possible, however, that the relationship between GUS mRNA and GUS protein may not be linear. GUS histochemical assays revealed blue staining in both young and old root tissues from all strawberry transgenics harbouring the FaRB7 promotergusA fusion. Levels of staining were similar to those observed in root tissue of the CaMV 35S control line (Fig. 5B) although intense staining was often seen in the root tips (Fig. 5C ). All FaRB7 promoter-gusA lines lacked staining in leaves, floral organs, and fruit, but light-blue staining was observed in petioles of several of the lines. Further studies showed that this pattern of expression was stably maintained in R1 lines vegetatively propagated from the primary transformants (data not shown). More detailed microscopic analysis of stained 10 lm root sections revealed that gusA activity in the roots of the FaRB7 promoter lines was strong in the central vascular region of the root (Fig. 5D) .
Fluorometric measurement of GUS activity, revealed average and highest specific activity values in strawberry roots, of approximately 37 000 and 154 500 pmol 4-MU min À1 mg À1 total protein, respectively. The average value is comparable to that observed under control of the CaMV 35S promoter in strawberry roots (Fig. 6A) . GUS activities under the control of the FaRB7 promoter were significantly reduced in all other strawberry tissues, with average GUS specific activities of 7000, 858, 312, and 259 pmol 4-MU min À1 mg À1 total protein in petiole, leaf, floral organs, and fruit tissues, respectively. By contrast, GUS-specific activities under the control of the CaMV 35S promoter for the same tissues were 44 000, 132 000, 55 000, and 37 000 pmol 4-MU min À1 mg À1 total protein, respectively (Fig. 6A ). Although only one CaMV 35S control line was generated for strawberry, the fluorometric data obtained for this line were consistent among plants of this line and highly similar to that of CaMV 35S::gusA strawberry lines analysed in previous experiments in our laboratory (data not shown).
The FaRB7 gene promoter directs constitutive expression of gusA in tobacco Histochemical analysis of root, leaf, petiole, flower, and stem tissues from tobacco transgenics harbouring the FaRB7 promoter-gusA fusion revealed blue staining in all tissues comparable to that observed in control lines harbouring the CaMV 35S promoter-gusA fusion (Fig. 5) . This pattern was also maintained in a seedling progeny generated by selfing a subset of the transgenic lines (data not shown).
Fluorometric measurement of GUS activity in tobacco further corroborated this finding. In FaRB7 promoter-gusA transgenic tobacco plants, average GUS specific activities of 1844 and 2544 pmol 4-MU min À1 mg À1 total protein were found in root and leaf tissues, respectively, exceeding those produced by the CaMV 35S promoter. Comparable levels of GUS activity were observed in tobacco floral organ and stem tissues; although in these tissues the CaMV 35S promoter appeared marginally more active than the FaRB7 promoter (Fig. 6B) . Little variation was observed between the five tobacco CaMV 35S lines. Thus, mean CaMV 35S GUS specific activities are presented as a single data point for each tissue.
Discussion
Characterization of the strawberry FaRB7 gene A full-length strawberry RB7 TIP homologue, named FaRB7, was identified that possesses signature TIP amino acid motifs (Schaffner, 1998) . Endogenous FaRB7 gene expression, as assayed by RT-PCR, appeared to be rootspecific based on the tissues analysed, which is similar to the expression patterns reported for RB7 TIPs from several other species Yamamoto et al., 1990; Roussel et al., 1997; Sarda et al., 1999) . The presence of the TIP signature motifs suggests a role for FaRB7 in water/solute transport in roots; this is further supported by high levels of expression noted in the root vasculature. However, northern analysis and FaRB7 promoter activity analysis also revealed low-level FaRB7 expression in strawberry petioles, indicating that the promoter is near root-specific. These findings may reflect physiological processes specific to strawberry. In strawberry, the base of each petiole encircles a cylinder of vascular tissue that forms the crown. It has been demonstrated that water may be supplied to the leaves by free cross-transfer from any point throughout the circumference of the crown (Darrow, 1966) . Thus, it is feasible that FaRB7 has a further role in the facilitation of vascular water transport between the crown and petiole.
Characterization of the FaRB7 gene promoter
The FaRB7 and TobRB7 gene promoters display relatively little similarity at the nucleotide level. However, several common sequence motifs were identified in similar relative positions in both promoters. Deletion of the A box region in the TobRB7 promoter appeared to slightly increase the root-specificity of the promoter in tobacco (Yamamoto et al., 1991) . The overall lack of sequence conservation between the two promoters may reflect both physiological and phylogenetic divisions between strawberry and tobacco.
Differential FaRB7 promoter activity in strawberry and tobacco Near root-specific transgene expression directed by the FaRB7 promoter in strawberry mirrored expression of the endogenous FaRB7 gene. However, this pattern was not Fig. 5 . Analysis of FaRB7 promoter activity in transgenic strawberry and tobacco by GUS histochemical assay. Dissected tissues from strawberry (root, leaf disc, petiole, flower, and mature fruit) and tobacco (root, leaf disc, petiole, flower, and main stem) represent non-, pSCVFaRB7-and pSCV1.6-transformed lines stained with X-Gluc. Tissues are shown in the order described. Schematic diagrams of the T-DNA regions within vectors pSCVFaRB7 and pSCV1.6 are shown. FaRB7 and CaMV 35S promoters are named FaRB7 P and 35S P, respectively, T represents the terminator regions and the intron within the gusA gene is chequered. OD represents an overdrive T-DNA enhancer and a size bar is given. Detailed images of typical gusA localization under the control of the FaRB7 promoter in transverse (TS) and longitudinal (LS) 10 lm sections of strawberry roots are also presented. maintained in the heterologous host where the reporter gene expression was effectively constitutive. In strawberry, FaRB7 promoter activity approximated that of the CaMV 35S promoter only in root tissues; in all other tissues CaMV 35S activity far exceeded that of the FaRB7 promoter. By contrast, FaRB7 promoter activity in tobacco was comparable to that of CaMV 35S in all tissues. This finding is not without precedent and other 'root-specific' promoters have been found to display non-root-specific activity in heterologous hosts (Bogusz et al., 1990; Shirsat et al., 1991; Van der Hoeven et al., 1994; Gittins et al., 2001) .
Transgene copy number and positional effects may influence promoter activity. However, comparable gusA expression patterns in the various tissue types tested were observed in 32 independent strawberry lines and 14 independent tobacco lines, suggesting that promoter activity was the main factor contributing to the expression patterns observed. In all the strawberry lines examined FaRB7 promoter activity was clearly near root-specific and in all the tobacco lines it was constitutive. It is likely, therefore, that the differences observed reflect the interaction and availability of species-specific transcription factors that influence transcriptional processes in the two species. It is also plausible that the FaRB7 protein has a more generic role in trans-cellular water transport compared to TobRB7 where promoter activity was confined primarily to meristematic root tissues (Yamamoto et al., 1991) .
The gusA specific activities conferred here by the CaMV 35S and FaRB7 promoters in tobacco are comparable with those previously observed in tobacco under the control of the CaMV 35S and TobRB7 promoters, respectively Yamamoto et al., 1991) . However, the CaMV 35S promoter activities observed in strawberry were much higher than those observed in tobacco and were comparable to CaMV 35S values in apple (Gittins et al., 2001) . Nonetheless, the activities of each promoter can be compared within each species and whilst the CaMV 35S promoter confers activity in a constitutive manner in both species the FaRB7 promoter appears near rootspecific in strawberry and constitutive in tobacco.
In recent years, concerns have been expressed relating to the use of the CaMV 35S promoter (Ho et al., 1999) and whilst these concerns have been widely repudiated (Morel and Tepfer, 2000) fears persist over the use of the CaMV 35S promoter and alternative promoters of non-viral origin are sought. One such example, is the MtHP promoter from Medicago trunculata, that has been shown to direct constitutive expression at levels comparable to CaMV 35S in both M. trunculata and Trifolium repens (Xiao et al., 2005) . The strong constitutive expression driven by the FaRB7 promoter in tobacco may also provide an attractive alternative to the use of the CaMV 35S promoter to drive constitutive expression.
Strong near-root-specific transgene expression driven by the FaRB7 promoter in strawberry would be highly beneficial to the genetic improvement of commercial varieties. Targeted expression of resistance genes to the major insect pests and fungal pathogens that specifically target the roots may surmount some of the many agronomically important threats of strawberry. Root-specific expression of such transgenes may, furthermore, reduce the metabolic drain of producing compounds in tissues where they are not required and go some way towards reducing public concerns relating to ubiquitous transgene expression. An additional application for a root-specific promoter in strawberry may be the secretion of molecules from roots into the rhizosphere; either as a method for phytoremediation or as a means of producing recombinant protein using hydroponics. It would be informative to examine the activity of the FaRB7 promoter in other heterologous species, particularly within the Rosaceae where root-specificity is more likely to be maintained. Many commercially important fruits belong to the Rosaceae and the FaRB7 promoter may have significant broad applications.
